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Abstract

Mutational hotspots offer significant sources of genetic variability upon which selection can act. However, with a few
notable exceptions, we know little about the dynamics and fitness consequences of mutations in these regions. Here, we
explore evolutionary forces shaping homopolymeric tracts that are especially vulnerable to slippage errors during
replication and transcription. Such tracts are typically eliminated by selection from most bacterial sequences, yet persist in
genomes of endosymbionts with small effective population sizes (Ne) and biased base compositions. Focusing on
Blochmannia, a bacterial endosymbiont of ants, we track the divergence of genes that contain frameshift mutations within
long (9–11 bp) polyA or polyT tracts. Earlier experimental work documented that transcriptional slippage restores the
reading frame in a fraction of messenger RNA molecules and thereby rescues the function of frameshifted genes. In this
study, we demonstrate a surprising persistence of these frameshifts and associated tracts for millions of years. Across the
genome of this ant mutualist, rates of indel mutation within homopolymeric tracts far exceed the synonymous mutation
rate, indicating that long-term conservation of frameshifts within these tracts is inconsistent with neutrality. In addition,
the homopolymeric tracts themselves are more conserved than expected by chance, given extensive neutral substitutions
that occur elsewhere in the genes sampled. These data suggest an unexpected role for slippage-prone DNA tracts and
highlight a new mechanism for their persistence. That is, when such tracts contain a frameshift, transcriptional slippage
plays a critical role in rescuing gene function. In such cases, selection will purge nucleotide changes interrupting the
slippery tract so that otherwise volatile sequences become frozen in evolutionary time. Although the advantage of the
frameshift itself is less clear, it may offer a mechanism to lower effective gene expression by reducing but not eliminating
transcripts that encode full-length proteins.
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Introduction
DNA regions with intrinsically high mutation rates, or mu-
tational hotspots, include particularly mutable dinucleoti-
des, bases with unusual chemistry, and repeat regions
prone to expansion and contraction (Benzer 1961; Rogozin
and Pavlov 2003). Among these hotspots, homopolymeric
tracts are exceptionally unstable, as they are prone to in-
sertions or deletions due to misalignment of the DNA
strands (Streisinger et al. 1966). By clarifying the dynamics
and fitness consequences of mutations in unstable DNA
motifs, we can begin to understand the evolutionary signif-
icance of these volatile regions.

Like any mutations, changes within hotspots are occa-
sionally beneficial and fuel adaptation. For example, revers-
ible frameshifts within homopolymers allow bacteria to
toggle the expression of contingency genes (Koch 2004)
and allow for phase variation of pathogen surface mole-
cules (Bayliss 2009). However, indels in homopolymers
more often have deleterious effects, and frequent frame-
shifts along such tracts are typically eliminated by selection
(Moran et al. 2009). Genes that contain homopolymers are
also vulnerable to transcriptional slippage, an enzymatic

error that generates a heterogeneous pool of messenger
RNA (mRNA) molecules that differ in the number of nu-
cleotides in the tract and therefore have varied reading
frames (Tamas et al. 2008). In rare cases, the translated
products may represent functional, alternative proteins
or subunits; however, usually ‘‘slipped’’ polypeptides are
truncated and expected to be detrimental (Baranov
et al. 2005). The deleterious consequences of frequent in-
dels during replication and transcriptional slippage may ex-
plain the dearth of homopolymers in most bacterial genes
(Baranov et al. 2005) and their nonrandom location within
genes where they persist (van Passel and Ochman 2007).

Among bacteria, obligate endosymbionts of insects typ-
ically show several distinct genome features, including ex-
ceptional genome reduction, strong AT compositional bias,
and rapid rates of sequence evolution (Moran et al. 2008).
These apparent signs of genome degradation reflect shifts
in selection, mutation, and genetic drift resulting from their
host-dependent lifestyle. Their genomes also show unusu-
ally high abundance of polyA and polyT homopolymers,
even compared with similarly AT-rich bacteria (Tamas
et al. 2008). This persistence of slippery tracts may reflect
reduced efficacy of purifying selection in bacteria with
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reduced Ne (Moran 1996). Small indels in these regions dis-
rupt the reading frame and can trigger the process of gene
erosion (Moran et al. 2009).

In exceptional cases, however, transcriptional slippage
can provide the advantage of rescuing the functionality
of genes with frameshifts in the DNA sequence. For exam-
ple, in the ant mutualist, Blochmannia, five loci (hisH, ybiS,
ytfM, gmhB, and ubiF) are known to contain frameshifts
along homopolymeric tracts in one of the two published
Blochmannia genomes (Gil et al. 2003; Degnan et al.
2005). Using experimental approaches, transcriptional slip-
page was shown to restore the correct reading frame in
a portion of mRNA molecules for three Blochmannia loci
sampled (hisH, ybiS, and ytfM) as well as frameshifted genes
of the aphid mutualist, Buchnera (Tamas et al. 2008). In this
earlier analysis, signatures of purifying selection at such fra-
meshifted loci also supported the restoration of gene func-
tion (Tamas et al. 2008).

In the current study, we further explore the relationship
between replication and transcription errors by tracking
the evolution of homopolymers and associated frameshifts.
We explore the molecular evolution of three of the five
Blochmannia loci known to contain frameshifts along
a polyA or polyT tract. In addition, we quantify rates of indel
mutations along such tracts by analyzing polymorphisms
among strains of Blochmannia pennsylvanicus, the mutualist
of the ant species Camponotus pennsylvanicus. Combined,
these data let us test the following hypothesis: Frameshifts
can persist in coding regions when these frameshifts are res-
cued by transcriptional slippage. This hypothesis predicts
that a frameshift can be conserved over evolutionary time,
if the slippery tract is also conserved. Possible selective pres-
sures maintaining the frameshift itself are uncertain, but
might involve a favorable reduction in effective gene expres-
sion by lowering but not eliminating transcripts that encode
full-length proteins.

Materials and Methods

Molecular Methods
We target three of the five Blochmannia genes known to
contain frameshifts along polyA or polyT tracts. We se-
lected two genes that we previously demonstrated undergo
transcriptional slippage along a polyA tract (Tamas et al.
2008): hisH (histidine and purine biosynthesis) and ybiS
(involved in attachment of peptidoglycan to the outer
membrane). In addition, we sampled gmhB (involved in li-
popolysaccharide biosynthesis) to explore whether similar
patterns occur at frameshifts along a polyT (rather than
polyA) tract.

Ant specimens included a subset of those in an earlier
phylogenetic study (Degnan et al. 2004) as well as Bloch-
mannia from Polyrhachis species and two additional
C. pennsylvanicus samples (from Massachusetts and
Wisconsin). Species names are listed in figure 1. Briefly, ge-
nomic DNA prepared from individual ants was used as
template in polymerase chain reaction (PCR) with gene-
specific primers (primer sequences available upon request).

PCR products were sequenced directly using an ABI 3730xl
automated sequencer (Applied Biosystems). We confirmed
that long homopolymeric tract lengths were identical
across independent PCR products sequenced with varying
sequencing chemistry (Big Dye and dGTP). New sequences
from this study are deposited in GenBank (hisH:
GU214028–GU214046; gmhB: GU214047–GU214057; ybiS:
GU219480–GU219486).

DNA Sequence Analysis
Sequence assemblies were curated in Consed (Gordon
et al. 1998) and aligned using ClustalX (Chenna et al.
2003). Phylogenetic analyses were performed using
MrBayes v3.1.2 (Ronquist and Huelsenbeck 2003) with
a general time reversible model, run for 10 million gener-
ations, and 90% burnin. Orthologs from the related endo-
symbiont Sodalis glossinidus (NC007712) were used as
outgroups.

We used PAML 4.2 (Yang 2007) to estimate pairwise
nonsynonymous substitutions per nonsynonymous site
(dN), synonymous substitutions per synonymous site
(dS), and the ratio of these values. We also tested whether
x (or dN/dS) differs across a given gene phylogeny by im-
plementing branch models in PAML. We calculated x as
a single ratio across all branches in the phylogeny using
the M0 (one-ratio) model and allowed distinct x values
for branches with and without the frameshift using
a two-ratio model. We compared the ln L of the models
with a likelihood ratio test. For each gene, we performed
the analysis across the open reading frame (ORF), as well
as the regions upstream and downstream of the homopol-
ymeric tract.

Testing for Conservation of the Frameshift
Estimation of Indel Mutation Rates. Homopolymeric
regions are known to experience high rates of indel muta-
tions (Gomez-Valero et al. 2008; Moran et al. 2009). In order
to confirm this pattern and to quantify indel mutation
rates, we reanalyzed polymorphism data for B. pennsylva-
nicus. The B. pennsylvanicus genome represents a popula-
tion sample consisting of endosymbiont DNA isolated from
five C. pennsylvanicus colonies collected at two sites in
Falmouth, MA (Degnan et al. 2005). We calculated poly-
morphisms from well-supported variants (�40 Phred
score) that occurred in two or more independent clones
of the genome assembly, which was sequenced to 12-fold
coverage (Degnan et al. 2005).

Although these data do not represent the full extent of
polymorphism in this endosymbiont species, the sample
provides a valuable intraspecific data set to approximate
the relative rates of distinct mutation types. Specifically,
we compared rates of synonymous mutations within ORFs
versus rates of indel mutations within polyA (or polyT)
tracts �5 bp long. To calculate the indel rate per tract,
we divided the observed indel polymorphisms by the total
number of tracts present. We performed calculations
across the entire genome, as well as distinct regions includ-
ing intergenic spacers where indels are most likely to reflect
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FIG. 1. Divergence of frameshifted homopolymers in the ant mutualist, Blochmannia, within coding regions of (a) hisH, (b) ybiS, and (c) gmhB.
Phylogenies were estimated using Bayesian analysis and match the tree estimated in earlier work (Degnan et al. 2004). Branch shading indicates
frameshifted (black) or intact (dark gray) coding regions, and the branch to the outgroup is light gray. The sequence of the homopolymeric
tract and flanking region is given. Pairwise dN/dS ratios calculated across the entire gene are noted to the right of sequences, with dN and dS
values below. Most dS values fell within a low range well below saturation. Taxa are labeled by ant host species from which Blochmannia genes
were sampled.
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mutational processes. When considering ORF sequences,
any overlap between adjacent ORFs was trimmed from
one gene in order to represent these regions just once
in the analysis.

Tracking Synonymous Divergences across Frameshifted
Clades. In light of these mutation rate data, we then
assessed the extent to which indels would be expected
across the divergent lineages that maintain the frameshift.
(For the purposes of these sequence analyses, we consider
the ‘‘frameshifted clade’’ of ybiS as the group of seven iso-
lates sharing the ancient frameshift.) We quantified synon-
ymous divergence across frameshifted clades using two
approaches. First, we calculated pairwise dS values between
the most divergent sequences, using PAML. These pairwise
values span the ancestral node of the frameshifted group,
but they do not account for the extensive change along
independent branches within that group. Therefore, we
also tallied synonymous changes across all branches in
the frameshifted clade in PAML, by summing dS � S for
all relevant branches.

Testing for Conservation of Homopolymeric
Tracts
Estimating the Chance of Zero Nucleotide Changes
within Tract. To explore whether tracts are significantly
conserved, we tested the null hypothesis that such tracts
evolve neutrally. Based on per-site substitution rates at
4-fold degenerate A’s (or T’s) in the genes considered,
we calculated the chance that the observed number of
consecutive A’s (or T’s) in a given polyA (or polyT) tract
did not experience a base substitution by chance alone.
In more detail, we performed the following steps for hisH
and ybiS, the two genes with a conserved polyA tract: 1)
Using a codon-based model in PAML, we performed a mar-
ginal reconstruction of nucleotide changes across the tree
and identified those changes that occurred at 4-fold degen-
erate sites; 2) We counted the number of 4-fold degenerate
bases in each reconstructed ancestral node. Combined,
these data let us calculate the per-site rate of change,
or the proportion of each 4-fold degenerate base that un-
derwent a substitution, along each individual branch. For
brevity, we use P4A to refer to the proportion of 4-fold de-
generate A’s that underwent a substitution across a given
branch. Compared with more complex models of sequence
divergence, this simple proportion will underestimate ac-
tual substitution rates, thus making our test more conser-
vative; and 3) We estimated the chance that the observed
number of consecutive A’s in the homopolymeric tract of
length L did not undergo a substitution. For the purpose
of this calculation, we treated substitutions across the
sequence and across branches as independent events.
We estimated the probability that one A did not change
as (1 � P4A), and the probability that L number of A’s
did not change as (1 � P4A)

L. This value applies to a single
branch. We then multiplied these values across relevant
branches to estimate the probability that the observed pol-
yA tract did not change throughout the divergence of the

clade. The same analysis as performed for the polyT tract of
gmhB by estimating P4T, etc.

Estimating the Chance of No Synonymous Substitution
within Tract.We accounted for the formal possibility that
selection to maintain consecutive lysine (AAA/AAG) or
phenylalanine (TTT/TTC) residues could, in principle, con-
tribute to the maintenance of a homopolymeric region. See
Results and Discussion for reasons why this possibility
is unlikely. Even if this were true, the exclusive use of
AAA (rather than AAG) and TTT (rather than TTC) codons
is striking. We tested the null hypothesis that synonymous
sites within the homopolymeric tract evolve neutrally, us-
ing an approach similar to that described above. Based on
per-site substitution rates at 4-fold degenerate sites, we fo-
cused on the two specific substitution types in question:
the proportion of 4-fold degenerate A’s that changed to
a G or proportion of 4-fold degenerate T’s that changed
to a C. We then calculated the chance that the three syn-
onymous sites in the polyA or polyT tract did not experi-
ence a synonymous substitution by chance alone.

Results and Discussion

Preservation of Frameshifts: Evidence for
Selection
Frameshifts Persist across Deep Divergences.We discov-
ered that frameshifts persist within endosymbiont genes at
several taxonomic levels: within host ant colonies, among
populations, and most surprisingly, across ancient species
divergences. Specifically, our polymorphism data for closely
related B. pennsylvanicus strains showed no variation in
the length of frameshifted tracts (i.e., all sequence reads
in the genome assembly contained the frameshift). Simi-
larly, we found that hisH sequences from geographically
distinct (Massachusetts and Wisconsin) populations of
B. pennsylvanicus share the frameshift. In addition, we show
here that frameshifts have persisted across ancient species
divergences (fig. 1). Based on the estimated divergence
times of ant hosts (Degnan et al. 2004), shared frameshifts
are several million years old (except for a potentially young,
independent frameshift in ybiS of Polyrhachis turneri;
fig. 1b).

Genome-Wide, Indels within Homopolymers Exceed
Synonymous Mutation Rates. Our analysis of the B. penn-
sylvanicus genome, assembled from a population sample,
revealed that polyA and polyT tracts experience exception-
ally high rates of indel mutations across the genome, consis-
tent with previous work (Gomez-Valero et al. 2008; Moran
et al. 2009). Indels are most likely to be neutral in intergenic
regions (but see Dunbar et al. 2007), so we use these regions
to estimate the indel mutation rate. Within intergenic re-
gions, ;1% of polyA or polyT tracts �5 bp showed indel
polymorphisms. For longer tracts (�8 and �9 bp), indel
mutation rates were far higher (;17% and 21%, respec-
tively) (table 1). Thus, the frequency of indels increases with
tract length, as documented previously (Moran et al. 2009).
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However, this polymorphism data showed no indels in the
tracts of the four B. pennsylvanicus frameshifted loci (hisH
and ybiS studied here, as well as ubiF and ytfM), nor across
the numerous in-frame tracts within other ORFs.

The rate of indel mutations per tract far exceeds the rate
of synonymous mutations per synonymous site. Of the
188,946 synonymous sites in all ORFs, polymorphisms
occurred at just 176 sites (or 0.00093 changes per synon-
ymous site). This very low level of synonymous polymor-
phism (,0.1%) reflects the close relationship among the
bacterial strains included in the genome library but is dra-
matically lower than the rate of indel mutations. For long
tracts �9 bp, such as those in the frameshifted genes con-
sidered here, the indel rate within intergenic regions is 226-
times the synonymous mutation rate (i.e., 0.21/0.00093).
When considering the entire genome (a sample that con-
servatively underestimates indel mutation rate), this ratio is
still quite high, with indels occurring 27-times more often
than synonymous mutations (i.e., 0.025/0.00093).

Dearth of Indels Is Unexpected, Given the High
Divergence among Frameshifted Lineages. In our analysis
of divergent Blochmannia species, frameshifts and associ-
ated polyA/T tracts persist in lineages that have diverged
for millions of years. For example, the Blochmannia lineages
sharing the ancient frameshift in ybiS diverged about 16.2–
19.9 Ma (Degnan et al. 2004). Synonymous changes along
individual branches and between most sister species are
not saturated (e.g., see pairwise dS values calculated across
the entire gene; fig. 1). However, the synonymous diver-
gence for taxa spanning a frameshifted clade is well above
saturation (table 2). Divergences in this range are difficult
to estimate precisely, but clearly substantial synonymous
change has accumulated. Likewise, a tally of all synonymous

changes along branches illustrates that, on average, each
synonymous site has experienced several substitutions dur-
ing the diversification of the frameshifted clades (table 3).

Because rates of indel mutations within long tracts far ex-
ceed rates of synonymous mutations, we would expect nu-
merous (on the order of many hundreds to thousands of)
indel substitutions within these clades if substitutions re-
flected neutral processes. The fact thatwe observe zero indel
substitutions in hisH and gmhB, and just two indels in the
ancient frameshifted clade of ybiS, is therefore inconsistent
withneutrality.Thisstrikingdifferenceinratesof indelsversus
synonymouschangeswithinversusbetweenspecies suggests
that selection preserves the length of frameshifted tracts.

Preservation of Homopolymeric Tracts: Evidence
for Selection
Homopolymeric tracts that contain frameshifts show
a striking level of nucleotide conservation compared with
other regions of these genes and compared with the ho-
mologous region in taxa that lack the frameshift (fig. 1).
To explore this pattern quantitatively, we determined
whether the homopolymeric tracts themselves show un-
usual nucleotide conservation. We tested the null hypoth-
esis that such tracts are neutral and evolve as do 4-fold
degenerate sites in the gene considered. We approached this
by estimating per-site substitution rates at 4-fold degenerate
A’s (or T’s) across each branch (supplementary fig. 1, Sup-
plementary Material online) and then determining the
chance that the observed number of consecutive A’s (or
T’s) in the tract did not experience a substitution as this
group diversified. For each gene, the chance of zero nucle-
otide substitutions in the tract region was vanishingly small
(,0.0005 in each case, and as low as 10�11; supplementary

Table 1. Among Related Strains of Blochmannia pennsylvanicus, Indel Polymorphisms along PolyA or PolyT Tracts Far Exceed the Genome-
Wide Synonymous Mutation Rate (of 0.01%, see Results and Discussion).

n
Base
Pairs

No. of
A1T

Tracts ‡5 bp Tracts ‡8 bp Tracts ‡9 bp

No. of
Tracts

Tract
Densitya

No. of
Indels

Indels/
Tract

No. of
Tracts

Tract
Densitya

No. of
Indels

Indels/
Tract

No. of
Tracts

Tract
Densitya

No. of
Indels

Indels/
Tract

Intergenic regions 606 173,993 138,976 2,623 0.01887 27 0.0103 75 0.00054 13 0.1733 19 0.00014 4 0.2105
ORFs 605 602,054 409,234 5,571 0.01361 0 0 468 0.00114 0 0 133 0.00032 0 0
Structural RNA 44 8,502 4,390 16 0.00364 0 0 0 0 0 n/a 0 0 0 n/a
Frameshifted ORFs 4 4,503 3,110 57 0.01833 0 0 9 0.00289 0 0 7 0.00225 0 0
Pseudogenes 5 2,602 1,894 26 0.01373 0 0 1 0.00053 0 0 0 0 0 n/a
Whole genome 1 791,654 557,604 8,334 0.01495 27 0.0032 553 0.00099 13 0.0235 159 0.00029 4 0.0252

NOTE.—n/a, not applicable.
a Tract density was calculated as the number of tracts per A þ T bases in the region considered.

Table 2. Saturation of Pairwise Synonymous Divergences between
Taxa Spanning the Frameshifted Clade.

Gene Species Compared dS SE

hisH Bl-C. penn versus Bl-C. ocre 2.496 0.768
ybiS Bl-C. penn versus Bl-C. flor 4.089 1.397
gmhB Bl-C. pudo versus Bl-C. flor 2.455 0.696

NOTE.—Bl, Blochmannia; C. penn, Camponotus pennsylvanicus; C. ocre,
Camponotus ocreatus; C. flor, Camponotus floridanus; C. pudo, Camponotus
pudorosus.

Table 3. Tally of Synonymous Substitutions during the Divergence
of the Frameshifted Clade.

Gene
Ancestral

Synonymous Sitesa
Total Synonymous

Changesb Changes/Site

hisH 117.1 583.9 5.0
ybiS 185.7 1127.2 6.1
gmhB 97.9 228.9 2.3

a For each gene, the number of synonymous sites in the ancestral sequences
considered varied by less than three sites. Average values are presented here.
b The number of synonymous changes (estimated as dS � S along each branch)
were summed across all branches in the frameshifted clade.
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table 1, Supplementary Material online). Therefore, we can
rule out the possibility that the homopolymeric regions
tracts are conserved by chance alone.

We accounted for the remote possibility that selection
to maintain consecutive residues of lysine (AAA/AAG) or
phenylalanine (TTT/TTC) could, in principle, contribute to
the maintenance of polyA and polyT tracts, respectively.
Although is it conceivable that selection favors these par-
ticular amino acids in the tract region, this is unlikely be-
cause amino acid variations occur in related Blochmannia
lineages that lack the frameshift (fig. 1). In this sense, selec-
tion favoring lysine or phenylalanine would involve a clade-
specific selective pressure. Furthermore, selection for
particular amino acids cannot explain the absence of syn-
onymous changes in the homopolymeric tracts (AAA /
AAG or TTT/ TTC). Based on A/ G and T/ C substi-
tutions at 4-fold degenerate sites in these genes, it is
improbable that synonymous sites would not have under-
gone a substitution within the tracts of hisH (P 5 0.041)
and ybiS (P 5 0.052), though this factor cannot be ruled
out for gmhB (0.39) (supplementary table 1, Supplemen-
tary Material online).

Signs of Transcriptional Slippage, a Proposed
Advantage of Homopolymers. We detected clear signa-
tures of purifying selection at frameshifted genes, supporting
the functionality of encoded proteins. Pairwise dN/dS
values calculated for each gene are far less than 1 (fig. 1),
consistent with patterns observed at frameshifted Buchnera
genes (Tamas et al. 2008). In addition, at hisH and gmhB,
a branch model suggests that lineages with the frameshift
actually have a slight (but nonsignificant) reduction in x,
just the opposite of the prediction under relaxed constraint
(table 4). At ybiS, the branch test suggests lower x along
the sole Blochmannia lineage with an intact gene (P. macro-
pus); however, extremely high dS (.3) along this lineage
makes the inference unreliable. These results were not
altered when we considered only the regions upstream
or downstream of the tract (supplementary table 2, Sup-
plementary Material online). In sum, the disrupted coding
regions show signatures of functional constraint that is
comparable with their intact relatives.

Further supporting a role of transcriptional slippage, fra-
meshifts and homopolymers show a strong association.
Frameshifts persist only in sequences that also retain long
homopolymeric tracts (A11 for hisH, A9-10 for ybiS, and
T9 for gmhB). By contrast, genes of related Blochmannia

species that lack the frameshift often show interruption
of the polyA or polyT tract with bases other than A or
T, respectively (fig. 1).

Conclusions
Several lines of evidence demonstrate an exceptional con-
servation of frameshifts and long homopolymeric tracts in
which they occur. First, frameshifts and associated tracts
have persisted for millions of years across genetically diver-
gent lineages showing extensive substitutions outside of
the tract region. Second, patterns of polymorphism at in-
tergenic regions demonstrate that indel mutations are
common within polyA and polyT tracts of Blochmannia.
In this ant mutualist, the rate of indel mutations in long
(�9 bp) tracts exceeds the synonymous mutation rate
by .200-fold. We conclude that, in the absence of purify-
ing (negative) selection, numerous indel substitutions
would be expected along lineages maintaining the frame-
shift. However, we observe very few indels in these ancient
groups: zero indels for two genes and one indel for ybiS.
This exceptional conservation of tract length argues that
selection maintains the observed frameshifts.

Likewise, the A and T bases within the homopolymeric
tracts are farmore conserved thanwould be expected under
neutrality.Giventhehighsequencedivergences for thegenes
sampled, the tract would not be conserved in the absence of
selection. Based on rates of 4-fold degenerate substitutions
elsewhere in the genes considered, we can rule out the pos-
sibility that the tracts evolve neutrally. The unlikely possibil-
ity of clade-specific selection favoring particular amino acids
(lysine or phenylalanine) is difficult to rule out, but this ex-
planation cannot explain the improbable conservation of
synonymous sites within the tract.

We propose that purifying selection maintains the
frameshift in these bacterial loci, as well as the polyA or
polyT tract required for restoration of gene function via
transcriptional slippage. Under this model, any base change
within the slippery tract would inhibit the restoration of
gene function by slippage and, as an effective knockout
mutation, experience intense purifying selection. Consis-
tent with a rescuing effect of slippage, the frameshifted
genes show low dN/dS ratios and no signatures of relaxed
functional constraint. Further supporting an important
role of slippage, frameshifts persist only in sequences that
also retain long homopolymeric tracts. These results
suggest a new mechanism for the maintenance of

Table 4. Maximum Likelihood Estimates of Nonsynonymous/Synonymous Divergences (x) for Blochmannia Genes.

Gene

One-Ratio Model Two-Ratio Model Likelihood Ratio Test

v ln L v (frameshift) v (intact) ln L 2 DL

hisH 0.106 24680.113 0.104 0.111 24680.054 0.117 NS
gmhB 0.120 23550.432 0.118 0.121 23550.421 0.022 NS
ybiS 0.106 25624.637 0.119 0.028a 25616.557 16.160 P < 0.001

NOTE.—In PAML, x was calculated as a single ratio across all Blochmannia branches in the phylogeny using the M0 (one-ratio) model and a two-ratio model allowing
distinct x values for branches with and without the frameshift. A likelihood ratio test was used to test whether ln L of the two models differed significantly. NS, not
significant.
a At ybiS, the lineage leading to the intact Polyrhachis turneri sequence had a lower x value; however, the very high dS (.3) along this lineage confounds the comparison.
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homopolymeric regions within bacterial genomes: The slip-
pery tracts are essential to rescue functionality.

It is less clear what mechanisms may explain the persis-
tence of the frameshift itself. Compared with genes with an
intact reading frame, the frameshift may reduce effective
gene expression by lowering the number of transcripts
for full-length proteins. Genes that contain frameshifts
have varied functions, and there is no clear proposal for
why reduced expression levels could be advantageous.
However, alternative explanations, that frameshifts com-
pensate for indels elsewhere or that truncated proteins
are functional, are not supported (see Tamas et al.
2008). Thus, although speculative, current data suggest
that the maintenance of frameshifts involves reduction
in effective gene expression. Exploiting frameshifts as
a mechanism to alter expression may be especially impor-
tant in bacteria such as endosymbionts that lack many
gene regulation capabilities (Wilcox et al. 2003).

Supplementary Material
Supplementary tables 1 and 2 and figure 1 are available
at Molecular Biology and Evolution online (http://www.
mbe.oxfordjournals.org/).
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